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Role of tubular obstruction in acute renal failure due to gentamicin.
Gentamicin sulfate was administered by intraperitoneal injection to
male Sprague-Dawley rats in a dose of 100 to 120 mg/kg/day for 4 to 5
days to induce severe nephrotoxicity. In comparison to controls, inulin
clearance was markedly decreased (2.87 0.31 vs. 8.65 0.31 mI/mini
kg, P < 0.001) as was urinary osmolality (462 36 vs. 1196 46, P <
0.001). Surface tubules appeared heterogeneous. Some were plugged by
whitish debris, whereas others were markedly dilated (l.D. = 41.5 2
it). All other tubules were moderately dilated (I.D. = 28.8 vs. 20 ji). The
microinfusion of tubules with cellular debris with an isotonic "equilibri-
um" solution resulted in a rise in intratubular pressure to as high as 60
to 80 mm Hg, compared with 13 to 15 mm Hg in normal rats. In better
functioning nephrons, free-flow pressure (FFP) was increased signifi-
cantly (16.0 0.5 vs. 10.2 0.1 mm Hg, P < 0.001). Paired
measurements of single nephron glomerular filtration rate (SNGFR) in
these nephrons, made while monitoring intratubular pressure (ITP),
revealed a rise in SNGFR when ITP was lowered from the initially high
level to 10 mm Hg. Comparable changes in SNGFR were induced in
normal rats by varying ITP from 10 to IS mm Hg. The data suggest that
in severe gentamicin nephrotoxicity, many cortical nephrons may be
contributing very little to excretory function, presumably because of
intratubular obstruction. The less impaired nephrons have reduced
SNGFR, due in part to increased free-flow pressure. We conclude that
varying degrees of tubular obstruction contribute to the reduction in
whole kidney GFR in severe gentamicin nephrotoxicity.
Role de l'obstruction tubulaire dans l'insuffisance rénale aigue due a Ia
gentamicine. Du sulfate de gentamicine a été administré en injection
intrapéritonéale a des rats males Sprague-Dawley ala dose de 100 a 120
mg/kg/jour pendant 4 a Sjours afin d'induire une néphrotoxicité sévère.
Par rapport aux contrôles, Ia clearance de l'inuline était diminuée de
faconmarquee(2.87 0.31 contre8.65 0.31 ml/min/kgP<0.OOl),de
méme que l'osmolalité urinaire (462 36 contre 1196 46, P <0.001).
Les tubules superficiels apparaissaient heterogénes. Certains étaient
obstrués par des debris blanchâtres, tandis que d'autres Ctaient dilates
de facon marquee (ID. = 41.5 2 ). Tous les autres tubules étaient
moderement dilates (I.D. = 28.8 contre 20 p. La microperfusion des
tubules ayant des debris cellulaires avec une solution "d'Cquilibre"
isotonique a entrainé une augmentation de Ia pression intratubulaire
atteignant 60 a 80 mm Hg, par rapport a 13 a is mm Hg chez des rats
normaux. Dans les nephrons fonctionnant mieux, Ia pression en flux
libre (FFP) etait significativement augmentee (16.0 0.5 contre 10.2
0.1 mm Hg, P < 0.001). Des mesures appariees du debit de filtration
glomerulaire des nCphrons individuels (SNGFR) dans ces nephrons,
faites tout en contrôlant Ia pression intratubulaire (ITP), ant révélé une
augmentation de SNGFR lorsque ITP etait diminuée de Ia valeur
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initialement élevée jusqu'à 10 mm Hg. Des modifications comparables
de SNGFR ont etC induites chez des rats normaux en faisant varier ITP
de 10 a 15 mm Hg. Ces données suggèrent que dans Ia néphro-toxicité
sCvCre par Ia gentamicine, de nombreux néphrons corticaux pourraient
contribuer très faiblement a Ia fonction excrCtrice, sans doute en raison
de l'obstruction intra-tubulaire. Les néphrons moms altéres ont une
diminution de SNGFR, due en partie a une augmentation de Ia pression
en flux libre. Nous concluons que des degres variables d'obstruction
tubulaire contribuent a Ia reduction de Ia GFR du rein entier dans Ia
nCphrotoxicité sévére par Ia gentamicine.
The pathophysiologic mechanism(s) responsible for acute
renal failure induced by the aminoglycoside, gentamicin, has
not been well established. Histologic studies of animal and
human kidneys exposed to toxic doses of gentarnicin [1—15]
have revealed tubular necrosis involving various segments of
the proximal tubule. Abnormalities in the glomeruli consist of
loss of endothelial fenestra found with scanning electron mi-
croscopy [13—15]. Micropuncture studies of rats with gentami-
cm nephrotoxicity showed that the superficial nephron filtration
rate is reduced [11]. Calculated ultrafiltration coefficient (Kf)
was decreased markedly, and it was concluded that the de-
crease in GFR was due to the low Kf and the additional factors
of reduced glomerular plasma flow (QA) and transcapillary
hydraulic pressure gradient (zP) in animals receiving a higher
dose of gentamicin [II]. In a subsequent study [12], it was found
that inhibition of angiotensin II formation by captopril largely
corrected nephron plasma flow, K, and SNGFR. These latter
observations suggested that the reduced GFR in gentamicin
nephrotoxicity is due primarily to vasoconstriction, mediated
by angiotensin.
In the present study, we have carried out micropuncture
experiments in rats with a severe degree of renal impairment,
comparable to that seen in many patients with aminoglycoside
nephrotoxicity [16]. GFR was reduced by 68%. The renal
failure was characterized by polyuria and hyposthenuria [16].
We found heterogeneity of tubule appearance and function.
Many tubules contained whitish debris which filled the lumen.
Others were widely dilated, and intravenously injected dye
remained in their lumen for long periods of time. Microinfusion
of tubules containing debris resulted in a striking rise in
intraluminal pressure to 60 to 80 mm Hg. All of the tubules
which appeared to be contributing to excretory function, as
judged by complete clearing of intravenous bolus-injected dye,
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were moderately dilated, had elevated free-flow pressure
(FFP), and reduced single nephron glomerular filtration rate
(SNGFR) which rose when intraluminal pressure was reduced
to a normal level. The observations are consistent with the view
that much of the reduction in whole kidney GFR is due to
varying degrees of intratubular obstruction, causing complete
loss of excretory function in some nephrons and a reduction in
SNGFR in other nephrons.
Methods
Male Sprague-Dawley rats, initially weighing 230 to 300 g,
were used. Gentamicin Sulfate (Schering Corp., Kenilworth,
New Jersey) was administered via intraperitoneal injection in a
dose of 100 to 120 mg/kg/day for 4 to 5 days. Micropuncture and
renal clearance studies were performed 2 to 4 days after the last
injection. The animals were fed a standard rat chow (Ralston-
Purina Co., St. Louis, Missouri) and allowed tap water ad
libitum, On the day of the experiment, the animals were
anesthetized with intraperitoneal mactin, 100 mg/kg (Promonta,
Hamburg, West Germany), and placed on a temperature-
regulated surgical table; tracheostomy and tracheal intubation
with PE 240 tubing were performed. The left jugular vein and
left carotid artery were cannulated with PE 50 tubing. The
carotid artery catheter, filled with heparinized Ringer's solu-
tion, was connected to a transducer (Statham Instruments, Inc.,
Oxnard, California), which continuously recorded mean arterial
blood pressure via a polygraph recorder (Grass Instrument Co.,
Quincy, Massachusetts). The left kidney was exposed through a
left paramedial incision, dissected free of perirenal adipose
tissue, placed in a dish (Lucite®) and immobilized with cotton
and silicone grease (Dow Corning Corp., Midland, Michigan).
Normal saline warmed to 37°C covered the exposed left kidney,
which was illuminated with a fiber optic light system. Body
temperature was monitored by a rectal thermistor (Yellow
Springs Instrument Co., Yellow Springs, Ohio) and maintained
at 37°C. The urinary bladder was externalized through a supra-
pubic midline incision and a PE 50 catheter was inserted into
the bladder. Bladder dead space was occluded by surgical ties.
During the surgical preparation, an intravenous priming dose
of 40 pCi carboxyl inulin '4C (New England Nuclear Corpora-
tion, Boston, Massachusetts), was given in a volume of plas-
manate (Cutter Biologic, Berkeley, California) equal to 1% of
body weight. This was followed by a constant intravenous
infusion of Ringer's lactate at a rate of 50 pJ/min containing 40
pCi/hr carboxyl inulin '4C. Timed urine and arterial blood
collections were obtained periodically during the experiment
for GFR determination.
When the kidney surface of the gentamicin-treated rats was
viewed through a dissecting stereomicroscope, the tubules
appeared heterogeneous. Some were noted to be filled by
whitish debris and others were widely dilated. The remainder
were moderately dilated (see below). Different micropuncture
procedures were used in these experiments, depending on the
type of tubule appearance.
Microinfusion of tubules with debris. In three gentamicin-
treated rats, microinfusion of tubules showing whitish debris
was carried out with an isotonic "equilibrium" solution (5 m
KH2PO4, 6.3 mri NaH2PO4, 11 ms'i Na2HPO4, 81.3 mi NaCl,
and 80.8 mi D-mannitol) while pressure was simultaneously
measured. It has been shown that in normal rat proximal
tubules, no net fluid absorption or secretion occurs when this
solution is microinfused [17]. The solution was delivered at a
rate of 30 to 40 nI/mm by a precalibrated pump (Model 255—2,
Sage, White Plains, New York) through a pipet inserted in a
proximal tubular segment. The perfusion pump was kept run-
ning throughout each experiment, rather than turned on and off,
to avoid variations in flow rate. A second (pressure-monitoring)
pipet filled with 2 M NaCI was next inserted several convolu-
tions distant from the infusion pipet for measurement of the
intratubular hydrostatic pressure. Intratubular pressure was
monitored during the perfusion with a servonulling device
(Model 900, W. P. Instruments, New Haven, Connecticut),
connected to a strip recorder. The lumen expanded due to the
microinfusion, usually moving the debris. The pressure-mea-
suring pipet was introduced into a clear portion of the tubule,
usually within 10 to 20 sec after starting intraluminal perfusion.
The cut end of the tail was placed in 3 M KCI together with a
calomel electrode to complete the electrical circuit necessary
for the electronic servonulling pressure measuring device.
Pressure was monitored for 5 to 12 mm after which the pressure
pipet was removed from the lumen. The same technique was
used to measure pressure during microinfusion of tubules in
three normal control rats.
Paired single nephron filtration rate measured at various
intratubular pressures. SNGFR was measured in gentamicin-
treated and normal control rats while simultaneously monitor-
ing intratubular pressure with the servonulling device. In the
gentamicin rats, only functioning nephrons were selected, as
determined by complete clearing of intravenously injected dye.
The pressure measuring pipet, filled with 2 M NaCI, was first
inserted into a proximal convolution, and FFP was measured. A
collecting pipet filled with Sudan black-stained castor oil was
next inserted immediately distal to the pressure monitoring
pipet. An oil block was then injected and tubular fluid collec-
tions were begun at a rate that maintained intratubular pressure
at the previously measured level or at the arbitrary level of 10
mm Hg. After this first collection had been completed and the
pipet withdrawn, a second collecting pipet was inserted in or
slightly proximal to the same hole. A second collection of
tubular fluid was made at a rate which maintained intratubular
pressure at either 10 mm Hg or at the previously measured FFP.
Thus, in each tubule, collections were made at both FFP and 10
mm Hg because the sequence was randomized.
In normal control rats, paired collections were made while
intratubular pressure was maintained at the arbitrary values of
either 10 or 15 mm Hg. The sequence was randomized. Long oil
blocks were used which descended into the loop of Henle, and
did not move as pressure within the tubule was allowed to vary
between 10 and 15 mm Hg. All collections of tubular fluid were
timed with a stop-watch, the volumes of fluid were measured,
and the sample was counted for '4C-inulin as previously de-
scribed [18]. Single nephron glomerular filtration rate was
calculated from the expression
SNGFR = (TF/P)1>< V
where (TF/P)1 is the ratio of '4C in tubular fluid/plasma and V
is the tubular fluid flow rate in nI/mm.
Arterial blood samples were collected at approximately 30-
mm intervals for '4C-inulin measurements. The values were
extrapolated to the midpoint of tubular fluid and urine collec-
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Table 1. Urinary data in gentamicin-treated and control rats
GFR
mi/mm/kg
V
pJ/minlkg
V/GFR
%
UNaV
p.Eq/mmn/kg
FEN
%
UKV
p.Eq/minlkg
Uo..m
mOsm U1.,
Kidney weight
g/kg body wt
Normal rats
Mean 8.65 27.3 0.32 1.64 0.13 2.84 1196 6.33 4.331
SE 0.31 1.8 0.02 0.16 0.02 0.30 46 0.09 0.261
N 9 9 9 9 7 9 9 9 9
Gentamicin rats
Mean 2.87 62.2 2.70 1.45 1.14 1.65 462 6.29 7.154
SE 0.31 14.0 0.87 0.30 0.78 0.23 36 0.09 0.251
N 15 IS IS 14 13 16 13 15 15
P <0.001 NS <0.05 NS NS <0.0! <0.001 NS <0.001
Abbreviation: N, number of observations.
tions for calculation of SNGFR and GFR. The internal diameter
of surface proximal tubules was measured through the stereo
microscope, at x 140 magnification, using a finely divided
eyepiece micrometer. At the conclusion of each experiment,
the left renal pedicle was ligated, the kidney excised proximal to
the tie, and wet kidney weight was measured. Carboxyl inulin
was measured in urine, plasma, and tubular fluid by liquid
scintillation counting, as previously described [18]. Urine and
serum sodium and potassium concentrations were measured by
flame photometry. Urine and arterial pH was determined with a
Radiometer micro blood gas analyzer. Urine and serum osmo-
lality were measured by a vapor pressure osmometer (Wescor,
Inc., Logan, Utah).
Data are expressed as the mean SEM. Student's t test for
unpaired and paired data was employed for statistical analysis.
Results
At the time of micropuncture, there was variation in the gross
appearance of the kidney, and heterogeneity of tubules was
apparent among gentamicin-treated rats when viewed through
the dissecting microscope. In animals with the most severe
nephrotoxicity, as judged by the magnitude of reduction in
GFR, the kidney was markedly enlarged and the surface of the
kidney was pale with prominent granularity. Many tubules
contained intraluminal whitish debris and others had widely
dilated lumina (I.D. = 41.5 2 hz). The white granular material
was noted to be floating free in the lumen of some tubules. In
other tubules, this material formed dense intraluminal plugs. In
less severely affected kidneys, gross size was also increased,
but there were fewer intraluminal plugs and widely dilated
tubules. However, even in these kidneys all tubules on the
surface were moderately dilated; the mean I.D. measured 28.8
1.5 u compared with 20 1.0 in normal rats (P < 0.01).
Whole kidney studies (Table I). Animal weight at the time of
study did not differ between gentamicin and control rats (302
43 vs. 329 37 g, P = NS). Inulin clearance (GFR) was
markedly decreased in the gentamicin rats, as was urine osmo-
lality. Fractional excretion of filtered water (V/GFR) was
increased significantly, and urine volume (V), UNaV, and FFNa
were not decreased despite the lower GFR. Thus, the pattern of
excretion is typical of nonoliguric acute renal failure, as seen in
patients with gentamicin nephrotoxicity {16]. Wet kidney
weight was almost twice that of normal controls. Serum Na,
K, and pH were within the normal range. There were no
statistical differences between the two groups.
SNGFR at controlled intratubular pressures (Figs. I and 2).
Free-flow intratubular pressure was found to be elevated in all
functioning nephrons studied in the gentamicin rats. These
nephrons were judged to contribute to urine formation since
bolus intravenously injected dye cleared completely from their
lumen. The dye became darker as it flowed along the tubules
and did not seem to spread into adjacent structures. It disap-
peared from the surface at the "welling point," adjacent to
efferent arterioles. The mean FFP in these tubules was 16.0
0.5 mm Hg, as compared with 10.2 0.1 mm Hg in the normal
controls (P < 0.001). The individual values for the gentamicin
rats are shown on the right in Figure 1. Paired collections of
tubular fluid were made in these nephrons at the measured free-
flow pressure (FFP) and at an arbitrary intratubular pressure of
10 mm Hg. SNGFR measured while intratubular pressure was
maintained at the free-flow value ranged from 11.6 to 21.2 nIl
mm; the mean was 17.1 0.7 nI/mm. In every nephron,
SNGFR rose when intratubular pressure was decreased to a
normal value of 10 mm Hg. The value measured at 10 mm Hg
averaged 20.5 0.8 nI/mm (P <0.01). The linear regression line
relating SNGFR to ITP is y = —0.5x + 25 (r = 0.98; P < 0.001).
In normal control rats, paired measurements of SNGFR were
made at two different intratubular pressures of 15 and 10 mm
Hg. The results are shown in Figure 2. In every tubule except
one, SNGFR was lower when fluid was collected at 15 mm Hg
than at 10mm Hg (20.9 1.2 nI/mm vs. 23.8 0.9 nI/mm; P <
0.001).
Table 2 shows the mean values for the spontaneous FFP and
paired tubular fluid flow rate (TFR) at the end of the proximal
tubules of the gentamicin and normal rats. It is clear that the
higher spontaneous FFP in the gentamicin rats was associated
with a lower TFR, as compared with the normal rats.
Microinfusion studies (Fig. 3). Microinfusion with down-
stream pressure monitoring was carried out in nine tubules
containing debris in gentamicin-treated rats. When the "equilib-
rium" solution was microinfused at 30 to 40 nI/mm, down-
stream pressure rose markedly, in some as high as 60 to 80 mm
Hg. The peak pressures were 27 to 80 mm Hg, and the mean
was 60.1 5.5 mm Hg. In contrast, in normal rats, the peak
pressures were 13.5 to 15.2 mm Hg, and the mean was 14.5
0.3 mm Hg. Two typical tracings are shown in Figure 3 for the
gentamicin-treated and normal rats.
Discussion
The observations made in this study strongly suggest that
intratubular obstruction plays an important contributing role in
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the reduction of GFR in severe gentamicin nephrotoxicity.
First, many surface tubules contained whitish debris which
occasionally could be dislodged by a pipet, but in other in-
stances could not. Other tubules were markedly dilated (41.5
I.D.). Intravenously injected F, D, and C green dye accumulat-
ed and remained in the lumen for prolonged periods of observa-
tion. These findings are consistent with the view that markedly
dilated tubules were either partially or perhaps totally obstruct-
ed. Other tubules which contained obvious intraluminal debris
were microinfused. In these, pressure rose strikingly to 60 to 80
mm Hg for as long as 3 to 4 mm, followed in some cases by a fall
toward a lower but still greatly elevated pressure. This suggests
severe obstruction and "washing out" of debris by the high
pressures. Thus, the tubules with cellular debris and the widely
dilated ones were either completely or partially obstructed and
were probably contributing relatively little to overall excretory
function of the kidney. There is no way to precisely quantitate
the number of such poorly functioning nephrons in each kidney,
but subjectively, they appeared to constitute at least 25 to 50%
of all surface convolutions.
All of the better functioning tubules (judged by the complete
clearing of intravenously injected dye) were moderately dilated,
and these were used for the studies shown in Figure 1. FFP was
significantly higher than in normal control rats. In fact, in the
gentamicin group, all of the measured nephrons had FFP of 14
mm Hg or higher (Fig. I), well above the normal range.
Theoretically, an increase in FFP might be due to either high
flow rates of tubular fluid, such as in an osmotic diuresis, or to
8 10 12 14 16 18
ITP, mm Hg
Fig. 2. Paired SNGFR measurements in control rats measured while
collecting tubular fluid at two different controlled intralu,ninal
pressures.
partial or complete downstream obstruction. As shown in Table
2, the high FFP in the gentamicin rats was associated with a
significantly lower TFR at the end of the proximal tubule, as
compared with normal rats. These data indicate, therefore, that
high flow rates were not responsible for the elevated FFP
measured in the gentamicin rats. The data are consistent rather
with partial downstream obstruction being responsible for the
observed high FFP,
To evaluate the relative importance of the increase in intra-
tubular pressure on filtration rate [19], we measured SNGFR
while monitoring and controlling intratubular pressure. The
results clearly show a rise in SNGFR when collections of
tubular fluid were made at a normal ITP of 10 mm Hg as
compared with the higher initial FFP (Fig. 1). In normal control
rats, SNGFR also varied inversely with ITP when ITP was
fixed at either 10 or 15 mm Hg (Fig. 2). Several other investiga-
tors have studied the effect of acute increases in ITP on SNGFR
in normal rats [20—22] with results similar to ours. It should be
25 —
20 —
U-
m.Dz(I, 15 —
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25
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20
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m.Dz
U,
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30 —
15 —
10 —
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I I I
8 10 12 14 16 18 20
TP, mm Hg
Fig. 1. Paired SNGFR measurements in gentamicin-treated rats mea-
sured while collecting tubular fluid at two different controlled intralu-
minal pressures.
-1 I I I I I
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FFP
mm Hg
TFR
ni/mm
Normal rats
Mean
SEM
10.2
0.1
9.74
0.55
Gentamicin rats
Mean
SEM
16.0
0.5
8.32
0.44
P <0.001 <0.05
noted that the rise in SNGFR in the gentamicin rats when ITP
was lowered to normal was only about 15%, and the new value
was still lower than that observed in the normal rats at the same
ITP. This could be due to either intrinsic disease of the
glomerulus caused by gentamicin [11], or to a reduction in
glomerular blood flow and fall in glomerular hydraulic pressure
secondary to long-term tubular obstruction [231.
Recently, de Rougemont et al [241 studied rats with gentami-
cm nephrotoxicity of a severity comparable to ours and found
elevated intratubular pressures in early stages after the develop-
ment of acute renal failure. They also suggested that tubular
obstruction plays a significant role in the renal failure.
In addition to tubular obstruction, it is possible that "back-
leak" of tubular fluid contributed to the functional impairment.
It has been demonstrated that recovery in the urine of intra-
tubular microinjected inulin is incomplete in rats with severe
gentamicin nephrotoxicity [25, 26]. In the presence of elevated
ITP, the backleak of inulin might be enhanced which would lead
to an erroneously low SNGFR and GFR. Although we did not
evaluate backleak in our studies, the percentage change in
measured SNGFR in the normal rats when ITP was increased
from 10 to 15 mm Hg was of the same order of magnitude as in
the gentamicin rats, suggesting the elevated ITP in the gentami-
cm rats can account, at least in part, for the reduction in
SNGFR. We cannot exclude the possibility that backleak
contributed to the findings.
It is evident that there was a large discrepancy between the
reduction in SNGFR in the population of nephrons which we
measured and that of whole kidney GFR in the gentamicin-
treated rats. Whole kidney GFR was reduced by 68%, whereas
SNGFR in the functioning cortical nephrons was reduced by
approximately 30%. This difference might be accounted for
largely by the significant number of very poorly functioning
nephrons which we observed on the surface of the kidney.
Those that were plugged with debris and those that were widely
dilated with stagnant fluid were most likely contributing very
little to urine formation. Taking all of the observations together,
which include increased tubular diameters, elevated FFP, intra-
luminal debris, and improvement in SNGFR by reduction in
intraluminal pressure, our data demonstrate an important role
for tubular obstruction in the reduction in whole kidney GFR.
In addition, the markedly increased wet kidney weight in the
gentamicin animals (Table I) might have been due to retained
fluid in partially or completely obstructed tubules. Our data do
not exclude a role for glomerular basement membrane damage
[14, 15] or angiotensin 11(12], which may contribute to the
0 8642t 8642
Pressure pipet Out Mm In Out Mm In
Fig. 3. Tracings of intraluminal pressure during microinfusion of
tubules containing cellular debris in gentamicin-treated rats (upper
panel) and normal tubules ofcontrol rats (lower panel).
reduction in GFR in less severe degrees of gentamicin-induced
renal insufficiency.
Histologic evidence in humans and animals supports the view
that intratubular obstruction plays a role in gentamicin nephro-
toxicity. Major abnormalities are found in the cells of the pars
convoluta and pars recta of the proximal tubule [1—3]. These
include tubular necrosis [2, 9, 10, 27—34], dilatation or disten-
tion of tubular lumina [28, 30, 31], desquamation of tubular cells
[28—30, 33], and filling of the tubular lumina with debris, at
times forming eosinophilic casts [1, 9, 12, 28—33]. Casts have
been described in distal tubules and the loop of Henle as well as
in proximal tubules. By electron microscopy, the casts have
been found to contain myeloid bodies and desquamated, necrot-
ic cellular debris. Thus, the histologic findings are consistent
with the evidence presented in this study that intratubular
obstruction plays an important role in severe nephrotoxicity
due to gentamicin.
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